ABSTRACT
INTRODUCTION
Marine propeller is a lifting body which generates thrust to overcome ship's resistance. It consists of a number of blades which rotated by the shaft. The loads acting on the blades are the hydrodynamic and mechanical forces. The performance of propellers is usually determined on the basis of their geometry in rigid state. However, in operating conditions the geometry of the flexible propeller will be deformed due to hydrodynamic loads. The hydro-elastic analysis considers the effect of fluid flow on the structures and the interaction of the fluid and structures. Therefore, it is essential to study the effect of deformations on the performance of propeller to optimize its design.
In primary research works the forces acting on the blades and their stress-strain reactions are calculated by using analytical and experimental relations. Sontvedt [1] achieved, using the shell elements, the results for prediction of quasistatic and dynamic stresses in marine propeller blades. Young [2] presented a coupled boundary element method (BEM) and finite element method (FEM) for the numerical analysis of flexible composite propellers in uniform flow and wake inflow. This research is extended to the fluid-structure interaction analysis of flexible, composite marine propellers subjected to hydrodynamic and inertial loads. The hydrodynamic blade loads, stress distributions, and deflection patterns of flexible composite propellers can be predicted by the method [3] . A coupled structural and fluid flow analysis was performed to assess the hydro-elastic behaviour of a composite marine propeller [4] . A MAU 3-60 propeller was analyzed with different stacking sequences of composite lay-up. The hydroelastic behaviour of the propeller with balanced and unbalanced stacking sequences were investigated and discussed by Lin at al. [5] . Mulcahy et al. [6] carried out a comprehensive work on the hydro-elastic tailoring of the flexible composite propeller.
Blade stress-strain relation of the marine propeller was analyzed by Chau [7] . Recently, Koronowicz et al. [8] presented the comprehensive computer program to account for the hull-propeller-rudder system in the propeller design process. The program outcome includes the hydrodynamic performance, cavitation effect, blade strength and efficiency optimization.
The SPD (Ship Propeller Design) software has been recently prepared by Ghassemi (the first author of this paper) and applied to various propulsors such as propeller-rudder system (PRS) [9] , high-skew propeller [10] , contra-rotating propeller [11] and surface piercing propeller (SPP) [12] . This software uses the BEM including boundary layer theory to determine the hydrodynamic analysis of marine propeller.
In recent years, polymer materials have entered to the marine market due to some advantages. Polymer propeller is nowadays used for the marine crafts especially for the SPPs. The SPD laboratory team (at AUT) is focused on the research analysis of characteristic hydro-elastic problems of various propulsors.
Effect of material on hydro-elastic behaviour of marine propeller by using BEM-FEM hybrid software
In this paper the effect of elastic deformation on the propeller performance such as its efficiency, thrust and torque coefficients is examined for various materials by using the hydro-elastic analysis. To determine the shape of the propeller, in a boundary element code an iteration method is used in which the hydrodynamic forces acting on the blades are determined by modelling the fluid-structure interaction. The deformation of the blades is then calculated by using a finite element model. The geometry of the deformed propeller is determined for four different materials and the effect of deformations on the propeller performance is examined for several values of advance coefficient. The software for the BEM-FEM analysis is described in Section 2, numerical results are discussed in Section 3, and conclusions are given in Section 4.
HYDRO-BEM AND ELASTIC-FEM SOFTWARE

Boundary element for hydrodynamic analysis
The thrust and torque generated by the propeller depend on two parameters of pressure and friction. The thrust is almost entirely due to the pressure distribution. For this reason, the potential theory may be used to calculate the hydrodynamic characteristics of the propeller. The BEM is applied to boundary surface of the propeller and its trailing vortex surface which should be discretized into quadrilateral elements ( Fig. 1 and 2) . Then boundary value problems should be solved to determine the velocity potential. Since the propeller is a lifting body the Kutta condition should be satisfied -as an essential boundary condition -for the propeller. By using the boundary element techniques and boundary layer theory the hydrodynamic pressure and tangential stress are determined as follows:
where: ∇φ -derivative of the velocity potential, ρ -density of water, C f -frictional coefficient determined from ITTC empirical formulae, -inflow velocity equal, in case of propeller, to: u a , u t -induced velocities determined by means of the derivative of velocity potential, as shown in Fig. 3 . Finally, the total thrust and torque of the propeller are determined as follows:
The following non-dimensional coefficients are used to express the general characteristics of the propeller:
Thrust coefficient:
Torque coefficient:
Efficiency:
Advance coefficient: J = V A /nD (8) As an example, the propeller efficiency curve for the rigid propeller is shown in Fig. 4 .
Fig. 4. Propeller efficiency curve obtained from SPD software
Finite element for elastic analysis
The finite element method (FEM) is used for structural analysis in elastic domain. For this purpose, a finite element program is prepared for the elastic analysis. A macro is generated and sent to the FEM program in which the blade geometry is generated automatically by using the general characteristics of the propeller. And, the boundary conditions and loads are applied. The FEM model of propeller is then analyzed and the resulting data are sent to the output file.
In the generated macro the geometry model is formed according to the coordinates x, y, z of the points used in the BEM model. Therefore the results from the FEM can be simply transferred to the BEM software. The geometry model is meshed regularly with the 3D solid element of 20 nodes. It is clear that the loading conditions of blades depend on their position. In every revolution the maximum load is applied to each blade once. In the vertical and downward position the critical load is applied to each blade. In this situation the gravity and centrifugal forces act in the same direction. In addition the summation of the atmospheric pressure (P 0 ), hydrostatic pressure (due to head of water above the hub axis) and hydrodynamic pressure (P h ) are applied onto the surface blade. Hydrodynamic pressure values are calculated by using the BEM program and sent to the FEM. The total pressure is determined for each element as follows: P = P h + P 0 +ρ.g.(Y CE + H) (9) where: H -depth of the hub axis below the free surface, Y CE -position of element centre in y -direction.
It should be noted that for the horizontal shaft the Coriolis effect is eliminated because the linear velocity and rotary velocity vectors are parallel to each other.
The procedure of the proposed method
The algorithm of the proposed method is shown in Fig. 5 . First, the undeformed blade is analyzed in the HYDRO-BEM software in which the fluid-structure interaction is considered to determine the hydrodynamic forces, efficiency, K T1 and K Q1 coefficients. The deformations of the blade are then determined by using the ELASTIC-FEM software. In the second step, the hydrodynamic forces, efficiency, K T2 and K Q2 coefficients are determined based on the deformed shape of blade obtained from the BEM software. The deformations of the blade are calculated in the FEM software again based on new calculated hydrodynamic forces. By comparing the results from the two steps the convergence of values of the selected parameters (i.e. the maximum deflection, efficiency, K T and K Q ), is checked. The procedure continues until convergence of values of the selected parameters is obtained. In the final step the deformed shape of blade and other parameters are calculated.
NUMERICAL RESULTS
In this study a five-blade propeller is selected to examine the effect of deformations on the propeller performance. The main dimensions of the propeller and the blade profile data are given in Tab. 1 and 2, respectively. The analysis is performed for four different materials: 13 % Chromium stainless steel, copper-nickelaluminium alloys, high tensile-copper-brass and a polymer. The propeller material properties are listed in Tab. 3. In the analysis, for the sake of simplicity and time saving, only one blade of the propeller is modelled. The forces acting onto the propeller include the hydrodynamic loads (thrust and torque), centrifugal and gravity forces. The maximum force acts on the blade in the vertical and downward position because the centrifugal and gravity forces are in the same direction. The blade is deformed mostly due to the thrust and torque and the centrifugal force may be of special importance for high-rotating-speed. It is noted that skew and rake of propeller lead to an additional bending moment exerted to the blade.
Tab. 1. Main dimensions of the propeller
Number of blades
Based on the flow chart presented in Fig. 5 , the threedimensional propeller and loads acting on the un-deformed blade are calculated by means of the HYDRO-BEM software and then sent to the ELASTIC-FEM software. The geometry model of the blade is shown in Fig. 6 (a) and (b) . Because of the complicity of the blade shape the blade geometry is POLISH MARITIME RESEARCH, No 4/2013 divided into several volumes. This helps to create an accurate model of the blade geometry. Fig. 6 (c) and (b) show the finite element model of the blade. To achieve a grid independent on the model, several FEM models with different element size are formed. The size of elements is then reduced step by step until the results converge appropriately.
The root of blade is assumed fixed. The hydrodynamic pressure is calculated by using the boundary element software. The elastic analysis of the blade is then performed by the finite element software to calculate deformation of the blade. This procedure is repeated until values of the maximum deformation, efficiency, thrust coefficient and torque coefficient converge. Fig. 8 shows the pressure distribution on the face and back side of the undeformed and deformed polymer propeller. Fig. 9 shows the total pressure vector on the surface of steel blade at J = 0.3 The undeformed and deformed shape of polymer blade for J = 0.3 is shown in Fig. 10 . The maximum principal stress of the copper-brass blade at J = 0.3 is shown in Fig. 11 . The principal stress is negative on the back side of the blade except near the trailing and leading edges. The maximum tensile stress occurs in the middle of blade root at the face side. The similar stress field can be achieved from the hydro-elastic analysis of the blade for other values of J, however the maximum stress decreases with the increasing of advance coefficient values. The deformation field of the copper-brass blade is shown in Fig. 12 . The deformation increases toward the blade tip due to increase of centrifugal force, hydrodynamic pressure and cantilever-mode behaviour of the blade.
The maximum deflection of the blade versus the advance coefficient (J) is shown in Fig. 13 for three different metal materials. Because the maximum deflection of the polymer blade is much greater, it is separately shown in Fig. 14 . The thrust coefficient versus the advance coefficient J for deformed and undeformed propeller, is shown in Fig. 15 . It is found that the thrust coefficient decreases with the increasing of advance coefficient, J. Except the polymer propeller, the thrust coefficient of the deformed blade is greater than that of the undeformed blade for all advance coefficient values. However, the thrust coefficient of the polymer blade is greater than that of the undeformed blade for J < 0.52 and smaller than that for J > 0.52. Moreover, the changes of this parameter for the polymer blade are greater than for other blades. Fig. 16 shows the torque coefficient versus the advance coefficient, J for deformed and undeformed propellers. The torque coefficient variations are similar to those of the thrust coefficient. The propeller efficiency versus the advance coefficient J is shown in Fig. 17 . The maximum efficiency of undeformed blade occurs at J = 0.52. For J < 0.4, the efficiency of the deformed metal propellers is equal to that of the undeformed one, but for J > 0.4 the efficiency of the deformed propeller is higher than that for the undeformed one. The efficiency of the deformed polymer (blade) propeller is higher than that of the undeformed one for J < 0.52. However, for J > 0.52 the efficiency of the deformed polymer propeller is less than that of the undeformed one. The relative variations of propeller characteristics, related to un-deformed blade, are calculated as follows: (10) where index of "0" stands for undeformed blade. In order to show the effect of material, the ratio of elastic modulus and specific density (E/ρ) is calculated for four materials. The variation of ΔK Tr and Δη r at various advance coefficient values are listed in Tab. 4 and 5, respectively. It is found that ΔK Tr and Δη r decrease along with E/ρ increasing for J < 0.5, and increase for J > 0.5. 
CONCLUSIONS
A fluid-structure interaction in case of flexible marine propellers made of various materials have been analyzed by using the combined (BEM-FEM) software. The hydrodynamic load was determined by using the BEM and the structural response was analyzed by using the FEM. The deformation of propeller affects its hydrodynamic characteristics. In this paper, by considering the hydrodynamic and mechanical forces, the flexible propeller performance is examined. For performing the hydro-elastic analysis of the propeller a combined BEM -FEM method is proposed in which an iteration approach is used to predict the deformed shape of propeller. The hydrodynamic force is calculated by modelling solid-fluid interaction in the BEM software. The deformation of the propeller is then determined by using the finite element software (FEM). Three metal propellers and one propeller made of polymer material are analyzed by using the proposed method. From the performed analyses the following conclusions can be derived:
-The deformation of propeller has a lower effect on its torque coefficient (K Q ) and a greater effect on its efficiency.
-It seems that the value of the advance coefficient J at which the maximum efficiency occurs has an important impact on the variation of characteristics of the deformed propeller. In the case study, the maximum efficiency occurs at J = 0.5, and ΔK Tr and ∆η r decreases with the increasing of E/ρ ratio for J < 0.5 and increases for J > 0.5.
